INTRODUCTION
In a comprehensive review on bacterial lipids published in 1964, Kates concluded that "the accumulation of knowledge concerning fatty acid composition, phosphatide composition and cellular distribution of bacterial lipids is still proceeding at an exponential rate" (37) . The notable absence of the phrase glycolipid composition is indicative of the scant references to bacterial glycolipids in the literature at that time. Although the complex glycolipids of mycobacteria had received considerable attention (44) , there were few reports on the occurrence of glycolipids in other bacteria. The ensuing years have produced a dramatic change in our knowledge of bacterial glycolipids, and their widespread distribution is now firmly established. The purpose of this review is to discuss this development. The term glycolipids is interpreted as those lipids which are composed of carbohydrates in combination with longchain aliphatic acids or alcohols and which are readily extracted from bacteria into organic solvents without the prior use of hydrolytic procedures. It does not include those phospholipids containing carbohydrate residues for which the term phosphoglycolipid would seem more appropriate. The complex glycolipids of mycobacteria and related organisms will not be discussed as they have been previously extensively reviewed (44) . The bacterial glycolipids so far described may conveniently be divided into two categories: (i) glycosyl diglycerides and (ii) acylated sugar derivatives. The glycosyl diglycerides are structurally analogous to the phosphoglycerides as they are composed of carbohydrate residues glycosidically bound to the 3-position of a sn-1,2-diglyceride. The term acylated sugar is used to describe those glycolipids which do not contain glycerol but which have fatty acid residues bound directly to the carbohydrate residue.
ISOLATION AND PURIFICATION
Glycolipids are readily extracted from bacterial cells, together with the phospholipids, by stirring with chloroform-methanol mixtures. They may be preferentially removed to some extent by extraction with acetone (59) , but the rate of extraction is comparatively slow and since subsequent fractionation is usually required to remove traces of phospholipids, no saving in time over the more conventional methods is usually possible. Moreover, the more hydrophilic glycolipids (e.g., triand tetraglycosyl diglycerides) are the least soluble in acetone and are not efficiently extracted with this solvent. A cautionary note should also be made concerning the use of the Folch procedure for the purification of crude lipid extracts (28) . We have found that considerable quantities of the more hydrophilic glycolipids are found in the aqueous extract and may be inadvertently discarded. The procedure using Sephadex G-25 for the removal of nonlipid contaminants (81) is very satisfactory and does not result in any significant losses. Several reagents are available for the specific detection of glycolipids on thin-layer chromatograms (78) , but the periodate-Schiff reagent, which was first applied to the detection of carbohydrates and other a-glycols on paper chromatograms, can also be used on thin-layer chromatograms (64) , and this has proved to be a very sensitive method for the detection of the small amounts of glycolipids usually present in lipid extracts. However, this method is not suitable for detecting completely acylated sugar derivatives as these lipids do not possess an a-glycol unit susceptible to periodate oxidation. Vorbeck and Marinetti have reported a very efficient method for the purification of glycolipids from total lipid extracts by silicic acid chromatography (76) . After elution of the neutral lipids with chloroform, the glycolipids may be eluted from the column with solvent mixtures containing increasing concentrations of acetone in chloroform, culminating with pure acetone. The phospholipids may then be eluted with chloroform-methanol mixtures as usual. Small amounts of phospholipids are usually present in the glycolipid fractions and may be removed by repeating the fractionation procedure. In my experience, the more hydrophilic glycolipids are only eluted from silicic acid columns very slowly with acetone, and large volumes of the eluant must be passed through the column to ensure the maximal recovery. Even so, small amounts may be subsequently eluted in the phospholipid fraction and could lead to the erroneous identification of phosphoglycolipids in the extract. The fractionation procedure utilizing diethylaminoethyl cellulose, which has previously been used for the separation of mammalian glycolipids and phospholipids (62) , can also be applied to bacterial lipids (13) .
CHEMISTRY OF GLYCOLIPIDS Glycosyl Diglycerides The first isolations of glycosyl diglycerides from bacterial lipids were reported by Macfarlane who found a mannosyl diglyceride in Micrococcus lysodeikticus (47) and a glucosyl diglyceride in Staphylococcus aureus (48) . Subsequent investigations by Polonoviski, Wald, and Paysant-Diament (58) showed that the glycolipid from S. aureus was a diglucosyl diglyceride. The first complete structure was determined by Brundish, Shaw, and Baddiley (13) for the glycolipid from a Pneumococcus type I, and independently Kaufman et al. (40) proposed an identical structure, 3-
glucopyranosyl]-sn-1 ,2-diglyceride, for the glycolipid from a Pnewnococcus type XIV. The presence of carbohydrate in the lipids of several lactic acid bacteria (33) suggested the presence of glycolipids, and this was confirmed by Brundish, Shaw, and Baddiley (14) who found diglycosyl diglycerides in these and other gram-positive bacteria. The widespread distribution of this type of glycolipid has now been firmly established ( Table 1) . The principle glycolipid in nearly all of the organisms examined is a diglycosyl diglyceride, and five major structural types have been characterized, depending upon the nature of the disaccharide glycosidically bound to the 3-position of a sn-1,2-diglyceride (Fig. 1) . In addition to the diglucosyl and galactosylglucosyl diglycerides already mentioned, the glycolipid from M. lysodeikticus has been shown to be a dimannosyl diglyceride (46) , and a digalactosyl diglyceride has been isolated from Arthrobacter globiformis (79) . The glycolipid of Streptococcus faecalis is a different diglucosyl diglyceride from that in Staphylococcus aureus (14) . The complete structure determination of this type of lipid requires information on (i) the nature of constituent sugars, (ii) linkage between sugar residues, (iii) linkage between disaccharide and glycerol, (iv) identification and location of fatty acid residues, and (v) stereochemistry of sugars and glycerol. The methods used for complete structure determination are well documented, and the reader is referred to the original publications for a full discussion. The identification of very small amounts of the glycosides produced by deacylation of the diglycosyl diglycerides is possible by gas-liquid chromatography (12) , and the structures of two of the glycosides have been confirmed by chemical synthesis (12, 15 (Fig. 2a) , and an acyl-glucosyl-galacturonosyl diglyceride (Fig. 2b ) has been isolated (5) from a Streptomyces. It is possible that the additional acyl residue may have been introduced during isolation. The 6-0-acyl galactosyl diglyceride isolated from spinach leaves is probably formed by acyl transfer to a galactosyl diglyceride during cell disruption (31) . The modification of lipids during extraction and subsequent work-up is a well-documented hazard (50) . In view of the increasing number of phosphoglycerides now being isolated containing three or four fatty acid residues instead of the expected two (8, 52) , it is desirable wherever possible that the number and location of the fatty acid residues in glycolipids be conclusively established.
Although monoglycosyl diglycerides are known to be the biosynthetic precursors of the diglycosyl diglycerides (see below), they do not usually accumulate in significant amounts. A few organisms, however, do contain monoglycosyl diglycerides as major components (Table 1) . With the exception of monomannosyl diglyceride and galacturonosyl diglyceride, the monoglycosyl diglycerides corresponding to the other five digly- 
Structures of (a) the glucuronic acid-containing glycolipid from Pseudomonas diminuta and (b) the galacturonic acid-containing glycolipid from Streptomyces LA 7017. hydrolysates of the total lipids from Bacteriodes symbiosus, but in this instance it was not possible to determine whether the glycoside was a degradation product of a glycolipid or a more complex phospholipid as no attempts were made to fractionate the lipids.
In their original survey of gram-positive bacteria, Brundish, Shaw, and Baddiley found a diglycosyl diglyceride in every organism they examined except Lactobacillus plantarum which contained a glycolipid with the properties of a glucosylgalactosylglucosyl diglyceride (14) . Tri-and tetraglycosyl diglycerides have since been isolated from several bacteria ( Table 1) . Structures have been determined for the glucosylgalactosylglucosyl diglyceride (Fig. 3a ) from L. casei (67) , the diglucosylgalactosylglucosyl diglyceride ( Fig. 3b ) from L. acidophilus (Shaw and Hunter, unpublished data), and the triglucosyl diglyceride ( Fig. 3c ) from Streptococcus hemolyticus (35) . An unusual glycolipid has been isolated (38) from Halobacterium cutirubrun, and in common with the phospholipids of this organisms (39) it is a phytanyl diether glyceride. The sugar constituents are glucose, mannose, and galactose sulphate. No glycosyl diglycerides with more than four sugar residues have yet been detected. We have tried varying the extraction conditions by using more hydrophilic solvents, as it was anticipated that these larger glycosyl diglycerides might be increasingly less soluble in lipid solvents, but no new larger glycolipids could be detected.
Some photosynthetic bacteria contain the same digalactosyl diglyceride found as an essential part of the chloroplast in the plant cell (4) but it has a different structure from the digalactosyl diglyceride from Arthrobacter species. However, two photosynthetic bacteria, Chloropseudomonas ethylicum and a Chromatium strain D, have both been shown to contain unusual and as yet poorly characterized glycosyl diglycerides. The glycolipid from C. ethylicum may be a triglycosyl diglyceride composed of galactose, rhamnose, and an unidentified sugar (21) . Chromatium strain D contains a triglycosyl diglyceride composed of two mannose residues and glucose, together with a (mannosylglucosyl) diglyceride and a glucosyl diglyceride (75) .
Analysis of the fatty acid components of glycosyl diglycerides has usually shown a composition similar to that found in the phospholipids of the same organism. However, a preferential concentration of a particular fatty acid has been observed (16) in the diglucosyl diglyceride of Staphylococcus lactis.
Acylated Sugar Derivatives
The first glycolipid of this type to be characterized was the rhamnolipid isolated from the culture filtrates of P. aeruginosa. The major structural features were outlined by Jarvis and Johnson (36) , and the complete structure (Fig. 4) was described by Edwards and Hayashi (24) . Many years elapsed before other examples of acylated sugars were discovered. During an investigation into the diglucosyl diglyceride of Streptococcus faecalis, another glycolipid was observed which did not contain glycerol and which gave glucose both on acid hydrolysis and deacylation. Mainly on the basis of mass spectrometric studies, a tetraacylglucose structure (Fig. 5a ) was proposed (82) . Similar glycolipids were found in Aerobacter aerogenes, P. fluorescens, and Escherichia coli, and traces of acylated di-and trisaccharides were detected but the small quantities present pre- cluded detailed chemical analysis (82) . A triacylglucose constitutes the major glycolipid of Mycoplasma strain J, and the full structure (Fig.  5b ) has been elucidated (74). Brennan, Flynn, and Griffin (10) confirmed the presence of acylglucoses in E. coli and separated them into two components, a tetraacylglucose and another acylated glucose probably having fewer acyl residues. Although a discussion of the complex glycolipids of mycobacteria and related organisms has been excluded from this review, it is relevant to record the isolation of acylated glucoses from these organisms. Corynebacterium diphtheriae, Mycobacterium smegmatis, M. tuberculosis BCG, and Brevibacterium thiogenitalis all contain a 6-0-mycolylglucose (11, 49) . Acylglucoses have also been isolated from Saccharomyces cerevisiae and the fungus Agaricus bisporus, thereby illustrating their ubiquitous occurrence in microorganisms (10) .
A different type of acylated sugar has been isolated from various propionic acid bacteria and shown to be a diacyl myoinositol mannoside (59, 66) . Mass spectrometric studies have enabled the distribution of the fatty acids within the molecule to be clearly established, and the major component is l-O-pentadecanoyl-2-0-(6-0-heptadecanoyl-a-D-mannopyranosyl)-myoinositol (Fig. 6 ). This structure closely resembles that of 6,6'-diacyl-a, a' -trehalose, cord factor, isolated from some mycobacteria and Corynebacteriwn diphtheriae (44) . BIOSYNTHESIS
The discovery during studies on the biosynthesis of a Pneumococcus type XIV polysaccharide that labeled nucleotide sugar precursors were being incorporated into lipid fractions led to the isolation of a galactosylglucosyl diglyceride and also suggested its mode of biosynthesis (22) . Further studies (40) (54) , and the diglucosyl diglyceride of Mycoplasma laidlawii (72) . A particulate enzyme preparation of Micrococcus lysodeikticus catalyzes the transfer of mannose from guanosine diphosphate-mannose to diglyceride to form mannosyl diglyceride. The enzyme shows a high specificity for a diglyceride containing branched-chain fatty acids similar to those found in vivo and also requires Mg2+ ions and an anionic surface-active agent. The enzyme which catalyzes the transfer of the second mannose unit to form dimannosyl diglyceride is present in crude extracts in soluble form and also requires Mg'+ but no surface-active agent (46) . The stereochemistry of the diglyceride substrate has been investigated in the synthesis of glucosyl diglycerides in S. faecalis (54) . The synthesis of glucosyl diglycerides was significantly stimulated by the addition of 1 ,2-diacyl-sn-glycerol but not by 2, 3-diacyl-sn-glycerol. This observation is consistent with the known configuration of the glycerol moiety in these lipids, a feature shared with most naturally occurring phospholipids.
The biosynthesis of tri-and tetraglycosyl diglycerides has not been established, but their structural features suggest that they are formed by successive transfers to hexose from the appropriate nucleotide precursor. During studies on the biosynthesis of glucosyl diglycerides in S. faecalis, Pieringer observed a third lipid component containing labeled glucose, and a time-curve experiment indicated that it was probably formed directly from diglucosyl diglyceride (54) . However, the anionic nature of its deacylation product eliminated a triglucosyl diglyceride structure for the lipid. A structure for this product has recently been suggested (69) and will be discussed later. Lennarz and Talamo (46) also observed the synthesis of a third mannolipid by enzyme preparations from M. lysodeikticus which they thought might be a trimannosyl diglyceride, but it has now been identified as mannosyl-l-phosphoryl-undecaprenol (45) .
There is no evidence available on the synthesis of acylated hexoses, although the most reasonable route would seem to be direct acylation of the appropriate hexose or a phosphorylated derivative. However, with those glycolipids containing two or more sugar residues, the problem is more complex as acylation could take place either before or after formation of the glycosidic linkage. The biosynthesis of the rhamnolipid of Pseudomonas aeruginosa occurs by a route analogous to that of the diglycosyl diglycerides, namely the sequential transfer of two L-rhamnose units from thymidine diphosphate-rhamnose to f3-hydroxydecanoyl-,B-hydroxydecanoate (17) .
DISTRIBUTION AND TAXONOMY
The increasing amount of information available on the phosphatide and fatty acid composition of bacteria has enabled certain taxonomic relationships to be established, and this field has been extensively reviewed (34, 37) . Although information on glycolipids is still much less complete, significant relationships are already emerging and the results obtained suggest that this approach will be of value (65) .
An examination of the distribution of glycosyl diglycerides (Table 1) shows that they are most widespread in gram-positive bacteria. With the exception of the photosynthetic bacteria and some Pseudomonas species, glycosyl diglycerides have not been found in gram-negative bacteria. Although the halophilic bacteria and mycoplasma, both of which possess glycosyl diglycerides, are formally gram-negative, their lack of a normal cell wall places these organisms in a special category, and the presence of glycosyl diglycerides may be of particular significance (see below). The major glycosyl diglyceride found in most bacteria is a diglycosyl diglyceride, and mono-and triglycosyl diglycerides, if present at all, are usually only minor components.
The most significant feature of their distribution is the occurrence in members of the same genus of identical glycolipids. All of the lactobacilli so far examined contain a galactosylglucosyl diglyceride. The a-diglucosyl diglyceride has been found in many streptococci and the ,B-diglucosyl diglyceride in staphylococci. These and other examples are shown in Table 1 . Thus, whereas the same glycolipid can be found in organisms belonging to different families, members of the same genus or closely related species contain identical glycolipids. Arthrobacter globiformis contains both a dimannosyl and a digalactosyl diglyceride (79), a phenomenon also found in A. pascens and A. crystallopoietes (Shaw and Stead, unpublished data). The reason for the occurrence of two unrelated diglycosyl diglycerides is unknown and an examination of the lipids from the two morphological forms, rods and spheres, in which these organisms may exist has not revealed any quantitative or qualitative differences (Shaw and Stead, unpublished data).
The isolation of the acylated sugar derivatives is a comparatively recent development and there is insufficient information available to enable significant conclusions to be reached. Their isolation from many different organisms suggests they are more widely distributed than glycosyl diglycerides although the amounts present are usually very small. It is probable that the presence of this type of glycolipid is more dependent upon the age and composition of the culture than has been observed for glycosyl diglycerides.
CELLULAR LOCATION AND FUNCTUION
A prerequisite to a discussion of functions for glycolipids is the establishment of cellular location. With the exception of the rhamnolipid from P. aeruginosa, all of the other glycolipids described in this review are intracellular components. The comparative ease with which bacterial lipids may be specifically extracted from whole cells has meant that few studies have been made on cellular distribution. An examination of cellular preparations from S. faecalis (77) , Bacillus subtilis (6), S. pyogenes (20) , and Staphylococcus aureus (80) established that the glycolipids are located, together with the phospholipids, in the cytoplasmic membrane, and it is reasonable to suppose that this conclusion is applicable to most gram-positive bacteria whose walls are devoid of lipids. It has not been established whether they are located specifically in one area of the membrane or if they are components of a regular subunit. A lipid analysis on mesosome preparations would be of great interest. Some preliminary evidence for the specific location or at least an enhancement in lipid content of newly synthesized membrane has been obtained by Frerman and White (29) , who have measured the changes in lipid composition of S. aureus membranes upon conversion from anaerobic to aerobic growth by the addition of oxygen. The development of the membrane-associated electron-transport system is accompanied by a 1.3-fold increase in glycolipid content and also by a comparable increase in phospholipid content. Thus, the electron-transport system could be formed either by the addition of subunits of differing composition or the extensive modification of the basic membrane.
The problem of cellular location is more complex in mycobacteria and related organisms and in gram-negative bacteria, in which the differentiation between multilayered cell wall and cytoplasmic membrane is not so well established. Since the acylated sugar derivatives described by Welsh, Shaw, and Baddiley (82) were mostly isolated as contaminants in lipopolysaccharide preparations, it seems probable that they are located in the lipoprotein layer of the cell wall. A similar location is also likely for the uronic acid glycolipids isolated from Pseudmonas species (85) .
The ability to expound numerous hypotheses from the minimum of experimentation is nowhere shown to greater effect than by lipidologists discussing the physiological function of lipids. To this the function of bacterial glycolipids is no exception. The discovery of glycosyl diglycerides during investigations on pneumococcal polysaccharide biosynthesis led to suggestions that they might be involved in transfer of sugar residues to polysaccharide chains (22) . In many instances, a comparison of the sugar components of various bacterial polymers with those of the respective glycolipid is particularly striking. The type XIV pneumococcal polysaccharide (3), the membraneassociated polysaccharides of M. lysodeikticus (30) and S. lactis (2) , and the galactan of Mycoplasma mycoides (18) all contain similar sugar residues to those found in the respective glycosyl diglycerides. The intracellular teichoic acids of Streptococcus faecalis (83) and Staphylococcus aureus (60) both contain disaccharide residues, kojibiose and gentiobiose respectively, which are also present in the respective glycosyl diglycerides. Thus, in these two examples transfer of the complete disaccharide residue could have taken place, and in those polysaccharides containing sugar linkages unlike those present in the glycosyl diglycerides, only the terminal sugar residue may have been transferred. The utilization of glycosyl diglycerides as polysaccharide intermediates would mean continual turnover of these glycolipids within the cell. Evidence to support such a turnover of these components has not been reported. The metabolism of the diglucosyl diglyceride in M. laidlawfi has been studied but no turnover of glucose residues could be detected (71) . Unfortunately, in this instance, as the organism does not possess any suitable polysaccharide (68) , the result is not pertinent to the problem. The results of experiments specifically designed to demonstrate the incorporation of sugar residues from labeled glycolipids into polysaccharides have not so far been reported. Recent developments, however, suggest that this hypothesis should be discarded. Lipid intermediates have now been isolated in which the sugar residues are bound through a phosphodiester or pyrophosphate linkage to a C55 isoprenoid alcohol. These lipid intermediates have been demonstrated in the biosynthesis of wall polysaccharides (87) , peptidoglycan (32), teichoic acids (23) , and intracellular polysaccharides (45) . There is still one instance in which a glycolipid may be involved in polysaccharide synthesis. The production of cellulose by various Acetobacter species, involves a nonphosphate, glucose-containing lipid whose chromatographic properties and lability to alkali are similar to those of glycosyl diglycerides and in direct contrast to those of the isoprenoid lipid intermediates (41) .
The production of acylated glucoses by corynebacteria is dependent upon the presence of glucose in the culture medium (11) . These glycolipids disappear when the glucose is replaced by glycerol.
These comparatively simple glycolipids may therefore be either carbohydrate reservoirs or a medium for transport of glucose across the membrane. The effect of culture conditions upon bacterial composition is well established, and the use of synchronous cultures under various conditions of substrate limitation has led to dramatic changes in cell wall composition (25) . The results of similar studies on lipid composition may, well produce equally dramatic results. Indeed, the production of the uronic acid glycolipid by P. rubescens and P. diminuta may well be a result of substrate limitation (85, 86) . These unusual glycolipids are only produced when the organisms are grown on agar slopes; they are completely absent from the lipids of organisms grown in liquid culture. Moreover, the organisms grown on solid media are very low in phospholipid content. Growth in solid media is probably an effective way of simulating phosphate-limiting growth conditions. After the first few cell divisions, the supply of phosphate for phospholipid synthesis may well be exhausted and the organism replaces the essential anionic phospholipids by similarly charged glycolipids. This process is directly analogous to the replacement of teichoic acids in the wall of B. subtilis by teichuronic acids when grown under phosphatelimiting conditions (25) .
The importance of phospholipids in maintaining the structural integrity of the membrane has long been recognized, and a structural function has been proposed for glycosyl diglycerides. From an examination of the molecular shape of diglycosyl diglycerides, Brundish, Shaw, and Baddiley suggested that these glycolipids, irrespective of the nature of the disaccharide, can adopt a conformation (Fig. 7) in which all of the hydroxyl groups lie on one side of the molecule and the lipophilic components (i.e., fatty acids, ring oxygen of sugars, and glycosidic oxygens) lie on the other side (16) . The hydrophilic regions of several molecules could come together to form pores in the membrane through which small molecules may pass. The presence in some organisms of large tri-and tetraglycosyl diglycerides may represent an attempt to regulate the size of these pores. The location of these pores may be within the membrane or even on the surface where some involvement in binding or anchoring intracellular components might be possible. Intracellular or membrane teichoic acids are common constituents of gram-positive bacteria and are probably located in or on the outer surface of the protoplast membrane (1). The chemical nature of this association between teichoic acid and membrane has not been clearly defined, but recent studies by Wicken and Knox (84) (68) , and Pneumococcus type I (13) contain appreciable quantities. Until more information is available on the rate of accumulation, turnover, and effects of culture medium, it is difficult to draw useful conclusions from these figures. In M. laidlawii, although the total glycolipid concentration remains approximately constant throughout the culture period, the ratio of monoglucosyl diglyceride to diglucosyl diglyceride steadily increases to a maximum of 2.6:1 (68) . This unexpected result cannot be explained by the rapid metabolism of the terminal glucose in the diglucosyl diglyceride since, as already discussed, labeling experiments have shown that the terminal glucose does not turn over. The mycoplasma are a group of organisms devoid of the normal rigid cell wall, and the presence of relatively large amounts of cholesterol in the parasitic species may be partly responsible for maintaining the structural integrity of the cell (71) . The large amount of glycolipids present in M. laidlawii when grown in the absence of cholesterol may be synthesized as a substitute for cholesterol, although the addition of cholesterol to the growth medium does not significantly effect the glycolipid concentration. The halophilic H. cutirubrum, which also lacks a cell wall, contains a glycosyl diglyceride which, like the major phospholipid of this organism, phosphatidylglycerophosphate (39) , also possess an overall anionic charge in the form of a sulphate residue (38). A comparison of the lipid composition of various grampositive bacteria and their derived L-forms (Table   2 ) reveals that the L-forms contain a greatly increased glycolipid content. Thus, a characteristic feature of many organisms lacking a rigid cell wall is not only enhanced total lipid content but also a proportionately higher concentration of glycolipids.
Evidence is now accumulating that many bacteria contain phosphoglycolipids with structures related to glycolipids present in the same organisms, and this has renewed speculations concerning glycolipids as biosynthetic intermediates. The lipids of propionic acid bacteria contain small amounts of a phosphatidylmyoinositol mannoside (9, 42) , and although its structure has not been rigorously established the present evidence suggests it is a monomannoside derivative of phosphatidylmyoinositol. The isolation of diacyl inositol monomannoside from the same organisms (59, 66) led to suggestions of an alternative route for the biosynthesis of the mannophosphoinositide (66) , namely the direct transfer of a phosphatidic acid residue from cytidine diphosphatediglyceride to the glycolipid (Fig. 8 ). This route would give an initial product with four acyl residues, and it is significant that in their biosynthetic studies Brennan and Ballou (9) observed a labeled product formed by Propionibacterium shermanii with the endogenous acceptor that they thought may have been a more highly acylated phosphatidylmyoinositol monomannoside. Similar highly acylated phospholipids have been found in corynebacteria (8) and mycobacteria (52) . However, addition of exogenous phosphatidylmyoinositol and labeled guanosine diphosphate-mannose to an enzyme preparation from P. shermanii did result in the synthesis of a small amount of phosphatidylmyoinositol monomannoside (9). Further acylation followed by enzymatic cleavage of the phosphate-inositol linkage would be an alternative route to diacyl myoinositol monomannoside (59) . However, it has not yet been shown whether propionic acid bacteria possess any phospholipase activity which this route would require, or indeed whether this reaction can be carried out in vitro. The other product of this reaction, phosphatidic acid, is not present in the lipids of these organisms (Shaw and Dinglinger, unpublished data).
The unusual glucose-containing phospholipid isolated from M. laidlawii and thought to be a phosphatidylglucose (73) has now been shown to have a glycerylphosphoryldiglucosyl diglyceride structure (69) . The glycerophosphate residue is located on one of the 6-hydroxyl groups of the two glucose residues (Fig. 9) (54) . The first two were identified as monoglucosyl diglyceride and diglucosyl diglyceride, but the third lipid which was apparently formed from diglucosyl diglyceride was not identified. It was not a triglucosyl diglyceride, but on deacylation yielded an anionic water-soluble hydrolysis product the nature of which was not determined; a glycerylphosphoryldiglucosyl diglyceride structure for this unknown lipid seems very likely. Two other reports of the occurrence of glucose-containing phospholipids in streptococci have appeared. Both Fischer and Seyferth (27) , when examining the lipids of S. faecalis and S. lactis, and Ishizuka and Yamakawa (35) , when examining the lipids of S. hemolyticus, isolated a phosphoglycolipid for which they suggested a diglucosylphosphatidylglycerol structure analogous to the glucosaminylphosphatidylglycerol present in B. megaterium (51) and Pseudomonas ovalis (53) . However, Shaw, Smith, and Verheij (69) pointed out that the structural evidence obtained by both groups could apply equally as well to the alternative glycerylphosphoryldiglucosyl diglyceride structure, and in view of Pieringer's observations (54) the latter structure seems more likely. The two structures may be immediately distinguished by their reaction with periodate. The lipid from M. laidlawai, on oxidation with periodate, liberates one mole proportion of formaldehyde produced from the terminal glycol residue of the glycerol moiety. The alternative diglucosylphosphatidylglycerol structure does not possess this structural feature and will only liberate formaldehyde after removal of the two fatty acid residues. Studies currently in progress in this laboratory indicate that glycerylphosphoryldiglycosyl diglycerides are present in Leuconostoc mesenteroides and Listeria monocytogenes (Shaw, Hunter, and Stead, unpublished data). In these two organisms, the constituent sugars are galactose and glucose, which is consistent with the presence of galactosylglucosyl diglycerides in these organisms (Table 1 ). This new type of phosphoglycolipid may occur as widely as the glycosyl diglycerides. It is beyond the scope of this review to speculate on their function other than to observe that their production and possible subsequent metabolism may be an important primary function of glycosyl diglycerides.
The possibility that glycolipids may have immunological significance has received little attention. The immunological properties of the ceramide hexosides of animal cells has been studied in detail (7), and it has been suggested that glycosyl diglycerides may be their bacterial counterparts (56) . In M. pneumoniae, an organism lacking a cell wall in which immunological determinants are usually located, hapten activity measured in complement fixation tests with both rabbit and human antisera was found to be associated with the glycolipid fraction (56) . The observed serological activity of the preparations may have been due to small amounts of unknown substances accompanying the glycolipids during purification, but inactivation by periodate and by carbohydrase preparations suggested that glycolipids were responsible. Moreover, cross-reactivity was observed between antisera to M. pneumoniae and purified glycolipids from other sources, including the diglucosyl diglycerides of a Streptococcus (57).
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